endocytosis, or through a membranous patch. Regarding the 'patch hypothesis', it has been hard to envision how a large, three-dimensional intracellular vesicle formed by homotypic fusion could be transformed into a two-dimensional membrane patch and used to reseal an irregular plasma membrane wound. One proposed mechanism was 'vertex fusion', whereby a series of fusion pores would form between the margins of a plasma membrane wound and the top of a large intracellular vesicle, restoring plasma membrane continuity after lateral expansion of the fusion pores and extracellular shedding of a large membrane fragment. Thus, biochemical experiments searching for evidence of released plasma membrane fragments are an important future priority for strengthening the evidence supporting both the 'patch' and ESCRT-mediated budding models of plasma membrane repair. More studies are also required to investigate the interesting possibility that the repair response may be regulated by the extent of Ca 2+ infl ux, with high levels of Ca 2+ entry triggering additional responses needed for the repair of large wounds.
A very interesting development in the fi eld of plasma membrane repair is the growing evidence that this mechanism can be co-opted for other cellular functions. Lysosomal exocytosis followed by vigorous endocytosis was observed in cells targeted by the cytotoxic lymphocyte pore-forming protein perforin, and the 'leaky' endosomes formed in this manner were proposed to represent a major site where granzymes cross into the cytosol to trigger cell death. In B cells, there is evidence that plasma membrane repair utilizes the same lipid raft membrane microdomains involved in antigen recognition and internalization. Ca 2+ triggered lysosomal exocytosis and ASM-dependent endocytosis are subverted by the protozoan parasite Trypanosoma cruzi to invade host cells, and it will be of great interest to determine if this pathway can also promote infection by other intracellular pathogens. Finally, plasma membrane repair is likely to play an important role in controlling infl ammation associated with tissue injury, and this should be an exciting and fertile area for future investigation. Together, these regions fold and bind to each other to form a parallel four-helix bundle ( Figure 1E inset). The core of this bundle is composed of hydrophobic residues packed into 15 layers, with the exception of the so-called '0' layer in the center of the bundle that contains one arginine residue (from R-SNAREs) and three glutamine residues (from Q-SNAREs) that make hydrogen bonds inside the hydrophobic core. These residues are required to set the register of the helices in relation to each other and to help facilitate disassembly.
SNARE complex assembly and disassembly

Assembly of SNARE complexes
In the cellular milieu, SNARE proteins are usually maintained in separate, inactive conformations to prevent premature or inappropriate fusion events. An amino-terminal, three-helix domain in the syntaxin Q-SNARE protein, called the Habc domain, plays a pivotal role in activation of the SNARE proteins. This Habc domain folds back on the neighboring SNARE motif, forming a closed conformation ( Figure 1A ). Switching to the active conformation critically involves opening of this Habc domain, which makes the Q-SNARE motif accessible for association with two more SNARE motifs provided by the other Q-SNARE protein(s) e.g. SNAP-25 in the neuronal SNARE proteins ( Figure 1B ). This activation step appears to be regulated by the Sec1/Munc18 (SM) and tethering proteins (discussed below). The fi nal formation of the SNARE complex involves association of the R-SNARE protein (VAMP in the neuronal SNARE proteins) to complete the fourhelix bundle structure. The formation of the SNARE complex begins from the membrane-distal end (i.e. amino-terminal end) and propagates toward the carboxyterminal, membrane-proximal end ( Figure  1C to E). In this direction, the SNARE complex works as a molecular zipper that brings two fusing membranes into nanometer proximity. Recent single-molecule experiments using optical and magnetic tweezers have provided tantalizing insights into the real-time mechanics of the SNARE complex. These experiments show that mechanical unzipping of a single SNARE complex consists of three steps: unzipping of the linker regions (between the SNARE motifs and the transmembrane domains), then the carboxy-terminal half of the SNARE motifs, and fi nally, the remaining aminoterminal half. Interestingly, this three-step unzipping was commonly observed for various homologs of the SNARE complexes, and the conserved ionic 0 layer is observed to be the boundary separating the carboxy-terminal and amino-terminal unzipping steps. By studying the kinetic rates of these three unzipping (and rezipping) steps as a function of mechanical tension, the total free energy released during assembly of a single neuronal SNARE complex (G SNARE ) was estimated to be 65 k B T, which is probably the largest free energy release measured for quaternary protein complex formation or protein folding. Despite this huge free energy release, it is observed that, under mechanical tension greater than around 10 pN, the neuronal SNARE complex can be maintained in a partially assembled state, in which only the amino-terminal half is assembled while the carboxy-terminal half is kept in a frayed state (trans-SNARE complex, as shown in Figure 1D ). When the mechanical tension keeping this partially assembled state is diminished by the formation of additional SNARE complexes or the action of other fusion stimulators such as synaptotagmins (see below), formation of the carboxy-terminal half of the SNARE complex ensues, which coincides with the complete fusion of the two membranes.
SNARE-mediated membrane fusion
Because the lipid bilayer structure is highly stabilized by hydrophobic acyl chains separated by hydrophilic headgroups and the associated hydration layer, the membrane fusion process has a huge energy barrier. Spontaneous membrane fusion is too slow for cells, necessitating the SNARE proteins as catalysts that induce membrane fusion on a biologically relevant timescale.
Current Biology 28, R367-R420, April 23, 2018 R399 Formation of the SNARE complex, as described above, is more than suffi cient to overcome the energy barrier to merging of the two bilayers. A traditional view is that membrane fusion starts with a point contact between two fusing membranes. This point contact, called a fusion stalk, is thought to have an hourglass-like structure. This fusion stalk expands to form a hemifusion structure, where the outer leafl ets are merged while the inner leafl ets and membrane contents remain separated from one another. Though initially proposed out of a theoretical consideration of pure lipid bilayers, this hemifusion structure is observed in several cellular fusion processes and has even been confi rmed with optical super-resolution microscopy.
Pore formation in the hemifusion diaphragm marks the fi nal connection between the membrane contents, and expansion of this fusion pore completes one cycle of membrane fusion.
As discussed above, formation of the SNARE complex occurs in a highly vectorial manner. An increasing body of evidence suggests that the stages of SNARE complex assembly coincide with those of membrane fusion. SNARE complex assembly from the aminoterminal half of the SNARE motifs is used to induce initial membrane contact, fusion stalk formation, and progression to the hemifusion structure ( Figure 1C  to D) . Assembly of the carboxy-terminal half of SNARE motifs and also the linker regions provides the free energy required to complete the last stage of membrane fusion, i.e., pore formation ( Figure 1D to E). In highly regulated exocytosis, such as neurotransmitter release, the carboxy-terminal assembly of the SNARE complex is thus a process under tight molecular control by special regulatory proteins. Illustrating their importance, mutations in the carboxy-terminal half of the SNARE motifs are found to cause critical neurological disorders, and these regions also contain the sites of cleavage by tetanus and botulinum toxins.
Regulation of SNARE complex function by SM and tethering proteins
The secretory and endocytic pathways need to be both spatially and temporally regulated, so that cargo can be faithfully As the fusing membranes approach one another, the repulsion between the membranes increases, which needs to be overcome by SNARE complex assembly. In highly regulated membrane fusion, such as synaptic vesicle fusion, SNARE complex formation in the membrane-proximal part is thought to be stalled by clamping complexes (not shown) at this step. (E) Fusion signals, such as Ca 2+ infl ux into presynapses, induce conformational changes in the clamping complex, thus permitting complex formation in the carboxy-terminal SNARE motif and linker region. This completion of SNARE complex formation coincides with complete merging of the two fusing membranes. Inset: structure of the fully formed SNARE complex (cis-SNARE complex; from PDB ID 1SFC). (F) For recycling of the cis-SNARE complex, SNAPs (brown) and NSF (yellow/orange) sequentially bind to this complex to form the 20S complex. Inset: cryoEM structure of the 20S complex (from PDB ID 3J96). (G) ATP hydrolysis in the D1 layer of NSF generates large conformational changes, which lead to spring-loaded disassembly of the SNARE complex. After proper recycling and relocalization, the SNARE proteins are ready to be used for another round of membrane fusion.
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Current Biology 28, R367-R420, April 23, 2018 delivered to the correct organelle. Moreover, the timing of many fusion events involving specifi c exocytic cargo is triggered by a cellular signal, such as an incoming action potential at the synapse or hormone binding to a receptor on the cell surface. Thus, SNARE proteins are kept inactive, and then quickly and specifi cally released to bind to each other upon proper vesicle delivery and/or stimulation. This regulation is accomplished through several different mechanisms, including: localization of SNARE proteins to distinct membranes through the precise delivery of vesicles by motors traveling along the cytoskeleton; intramolecular regulation by amino-terminal inhibitory domains (e.g. the Habc domain); and by regulatory factors that activate the SNARE proteins at the right time and place. One such family of regulatory factors is the SM proteins, which have multiple binding sites for SNARE proteins and multiple proposed functions in tethering, SNARE assembly, and fusion, although the molecular details are poorly understood. Most notably, the SM protein Vps33 (also a subunit of the HOPS tethering complex) binds several different vacuolar SNARE proteins and appears to bring them close together to facilitate zippering from their amino-terminal ends.
The other class of regulators is the tethering factors, which come in two types: long coiled-coil tethering proteins (e.g. p115 and EEA1) and multisubunit tethering complexes (e.g. exocyst, HOPS and COG). In conjunction with Rab GTPases, these have been proposed to tether vesicles and target membranes at long distances, provide quality control to ensure that the correct vesicle is at the proper destination, and activate the SNARE proteins for fusion. Recent in vitro liposome fusion assays suggested that the large size of multisubunit tethering complexes (and perhaps the SM proteins) bound to assembled SNARE complexes may aid in fusion through deformation of the membranes and lowering of the activation barrier. Intriguingly, several of the tethers and SM proteins have been shown to interact with each other, but the mechanisms are currently unresolved. One clue may come from the neuronal-specifi c regulator Munc13, which has a domain that is structurally homologous to many of the multisubunit tethering complex subunits; Munc13 cooperates with Munc18 to help drive neuronal SNARE complex assembly and fusion.
Specialized SNARE regulation at the neuronal synapse Although Ca 2+ infl ux evokes synaptic vesicle fusion in neuronal presynapses, SNARE-mediated membrane fusion itself is minimally affected by an increase in Ca 2+ ion concentrations. Neurons thus use specialized regulators to confer Ca 2+ sensitivity to the zippering of the SNARE motifs, the most notable being members of the synaptotagmin (Syt) family. Syt1, Syt2 and Syt9 are involved in synchronous exocytosis in different neurons, with Syt1 being the most intensively studied thus far. Syt1, located on the synaptic vesicle membrane and thus co-localized with VAMP2, has two C2 domains and one transmembrane domain. Using the C2 domains, Syt captures multiple Ca 2+ ions and then binds to negatively charged membranes with high affi nity. Several different models have been proposed for when and how Syt1 functions to accelerate synaptic vesicle fusion. In one model, assembly of the SNARE complex is stalled at its carboxy-terminal SNARE motifs (at the step in Figure 1D ) by binding to a regulator called complexin. Ca 2+ binding to Syt1 leads to its rapid recruitment to the nearby membranes, increasing the pulling tension between the two fusing membranes. Recent structural studies suggest that Syt1 actually participates in the clamping complex together with complexin. Ca 2+ infl ux repositions Syt1 at the fusion site and releases the SNARE complex from the clamped state. This drives full assembly of the SNARE proteins toward the carboxy-terminal end and the linker region, which promotes the merging of the two membranes and pore formation.
SNARE disassembly by NSF-ATP and SNAP
Assembled trans-SNARE complexes are effi ciently disassembled by SNAPs and ATP-hydrolyzing NSF to be recycled for another round of membrane fusion. Inhibition of NSFs and SNAPs, using N-ethylmaleimide or temperaturesensitive sec18 or sec17 yeast mutants, rapidly quenches intracellular fusion activities, indicating that disassembly of SNARE complexes is vital for a sustained supply of unassembled SNARE proteins as fuel for membrane fusion.
For effi cient disassembly of the SNARE complex, SNAPs and NSF sequentially bind to the complex to form a supercomplex called the 20S complex. With recent advances in cryo-electron microscopy (cryoEM), we now have unprecedented structural details of the 20S complex. Four SNAP proteins bind to one SNARE complex in an anti-parallel manner ( Figure 1F ). These SNAPs also bind to the aminoterminal domains of NSF, working as adaptors between NSF and the SNARE complex. NSF is a homohexamer, with each subunit composed of an aminoterminal domain followed by two AAA+ (ATPases associated with various cellular activities) domains called D1 and D2. The D2 domain layer, which has very slow ATP-hydrolytic activity, is mainly used for formation and maintenance of the NSF hexameric structure. The D1 domain layer is thought to be the main engine that uses the energy of ATP hydrolysis for SNARE complex disassembly.
The cryoEM structures of NSF, which were obtained in various nucleotide-bound states, illuminate large conformational changes that occur in the NSF hexamer upon ATP hydrolysis ( Figure 1G ). The amino-terminal domains, placed on top of the D1 layer in the ATP-bound state, show a large swiveling motion towards the peripheral region of the D1 layer in the ADP-bound state. The D1 layer shows a right-handed helical twist in the ATP-bound state that relaxes to a fl at structure in the ADP-bound state. These conformational changes indicate a combination of tearing apart and unwinding motions that can be collectively used for effi cient disassembly of the SNARE complex.
Indeed, a recent single-molecule study showed that NSF completes disassembly of the SNARE complex within one round of ATP hydrolysis. Given the rigidity of the SNARE complex signifi ed by the G value of 65 k B T, this observation suggests an extraordinarily high mechanical effi ciency of NSF in SNARE complex disassembly. The key to this mechanical effi ciency is likely the unusual disassembly model that NSF has adopted. While other AAA+ degradation machines, such as ClpX, induce distributive unfolding of the protein substrates as they attempt to proceed along the polypeptide chain, NSF induces global unfolding of the SNARE complex essentially in one burst ( Figure 1G ). To Current Biology 28, R367-R420, April 23, 2018 R401 this end, NSF undergoes ATP hydrolysis and sets itself up for the large, complex conformational changes observed in the cryoEM structures. The rigid SNARE complex resists disassembly, thus preventing the conformational changes of the NSF hexamer. SNAP proteins play central roles in this molecular tug-ofwar by providing fi rm grips between the SNARE complex and NSF. Without SNAPs, NSF would make conformational changes with minimal resistance and the mechanical tension within it would be haplessly dissipated. The cryoEM studies also revealed that this fi rm grip of SNAPs to both the SNARE complex and NSF is reinforced by multiple saltbridge interactions. These interactions, which are less dependent on the specifi c sequences of amino acids, may explain how a relatively small number of NSF and SNAP isoforms disassemble such a diverse number of different SNARE complexes (more than 60 in mammalian cells).
Finally, when the SNARE complex is briefl y disrupted by thermal fl uctuation, NSF takes advantage of this moment and completes its conformational changes, thus disassembling the SNARE complex in a largely spring-loaded manner. Disassembled SNARE proteins are instantly released from the 20S complex. This instant discharge prevents reassembly of the SNARE complex within the 20S complex, thus avoiding a waste of time and energy for an unnecessary round of disassembly. Reassembly is also prevented by the regulatory aminoterminal domains of several SNARE proteins and by physical separation of the SNARE proteins by recycling the v-SNARE back to the donor membrane.
Outstanding questions
While it is clear that the SNARE proteins and SNARE regulators work together to catalyze membrane fusion, many outstanding mechanistic questions remain. One question is how the SNARE complex effi ciently transduces its pulling tension during the last stages of membrane fusion to trigger fusion pore formation. In Figure 1D , we assume that the two fusing membranes only contact each other at a single point. However, with the connectivity of the outer leafl ets established in an intermediate hemifusion state, how is premature zippering of the carboxy-terminal half of the SNARE motif and the linker region prevented, in order to maintain the mechanical tension necessary for fusion pore formation? For fast synaptic vesicle fusion in neuronal synapses, specialized clamping complexes appear to provide this function. Are such clamping complexes universally used for other cellular fusion processes? This has yet to be demonstrated for regulators such as SMs and tethers. Alternatively, for those relatively slow membrane fusion events, the fi nal step of pore formation may simply be induced by thermal fl uctuation.
Another critical question is how SM proteins and multisubunit tethering complexes help facilitate various roles in vesicle tethering, SNARE complex assembly, and/or membrane fusion. Do they function mainly in quality control to ensure that the assembly of SNAREs and subsequent fusion of vesicles happen at the correct time and place? Or are they required to provide an additional driving force to help the SNARE proteins fuse membranes? Or both? High-resolution structure determination, powerful in vitro reconstitution assays and other biophysical techniques are necessary to fi gure out these mechanistic details. In addition, cell biological and genetic studies will be necessary to test and validate the mechanistic hypotheses based on the structural/biophysical studies.
Sec17/SNAP and Sec18/NSF form the 20S complex for SNARE complex disassembly, and great progress has been made towards understanding the disassembly mechanism. It is increasingly clear, however, that Sec17 has an important additional role in the assembly of SNARE complexes. As Sec17 has the capability to bind tightly to SNARE complexes, thereby providing fi rm grips between the SNARE complex and NSF, it is not surprising that the same molecular capability is used in the context of SNARE complex assembly. An immediate question is how Sec17 knows when to help SNARE complexes to assemble or to disassemble. Another important question is how, within the 20S complex, Sec17 distinguishes between cognate and non-cognate (or defective) SNARE complexes. SNARE proteins and their regulators continue to excite scientists in this fi eld. The coming years will be full of new discoveries -especially using higher resolution structural and biophysical studies -regarding the detailed mechanisms of how these fusion machines work at the molecular level. Furthermore, elucidation of the detailed molecular mechanisms will enable us to understand how SNARE-mediated fusion works in both normal cells and diseased or infected cells.
